In di rectly or ex ter nally-fired gas-tur bines (IFGT or EFGT) 
Introduction
In re cent years, re new able en ergy uti li za tion has grown rap idly. Elec tric ity gen er ated by uti liz ing re new able en ergy sources oc cu pied 19% of world elec tric ity gross used in 2005 [1] . The state-of-the-art re new able en ergy sources in clude large hydropower and other sources such as wind, bio mass, so lar, geo ther mal, and small hy dros. How ever, re lated en ergy con ver sion tech nol o gies should com bine high con ver sion-ef fi cien cies with low emis sions, es pe cially CO 2 emis sion. Mod ern en ergy-con ver sion tech nol o gies like in ter nal com bus tion en gines and or dinary gas tur bines de mand clean fu els as the com bus tion gases are in di rect con tact with the moving parts of the ma chine. In or der to use "dirty" fu els in clud ing bio mass fuel and waste fuel, indi rect com bus tion sys tems which sep a rate com bus tion pro cess and ther mo dy namic con ver sion cy cles are a class of state-of-the-art and prom is ing re search ob jects. In ad di tion to con ven tional coal-fired steam cy cle plants and Stirling en gines, in di rectly or ex ter nally-fired gas-tur bine (IFGT or EFGT) also forms a novel tech nol ogy un der de vel op ment for small and me dium scale com bined power and heat (CHP) sup plies in com bi na tion with mi cro gas tur bine tech nol o gies [2] . The most at trac tive ad van tage of IFGT units is that they open a new op tion to uti lize biomass fuel for CHP and con trib ute to re duce green house-gas emis sions. Up to now, stud ies of ex -ter nally fired gas tur bines have been per formed by a num ber of dif fer ent re search or ga ni za tions and power equip ment man u fac tur ers. Most avail able pub li ca tions are de voted to var i ous cy cle con fig u ra tions to at tain high con ver sion ef fi cien cies [3] [4] [5] [6] [7] , to dif fer ent types of fur nace ar rangements [8] [9] [10] [11] , and to the de vel op ment of pos si ble high-tem per a ture heat exchangers [12] [13] [14] [15] [16] [17] [18] . In ad di tion, sev eral ex cel lent re view pa pers and re ports on IFGT ap pli ca tions are avail able [19] [20] [21] .
In this pa per, by as sum ing that all fluid fric tion losses in the com pres sor and tur bine are quan ti fied by a cor re spond ing isentropic ef fi ciency and all global irreversibilities in the high tem per a ture heat exchangers (HTHE) are taken into ac count by an ef fec tive ef fi ciency, a one-dimen sional model in clud ing power out put and cy cle ef fi ciency for mu la tion is de rived for a class of real IFGT cy cles based on ther mo dy namic anal y sis method. De tailed nu mer i cal anal y sis and fig ures are pro duced to il lus trate and analyse the ef fect of op er a tional pa ram e ters and com ponents' pa ram e ters on IFGT ef fi ciency.
Cy cle model and anal y sis
The sche matic and T-s di a grams of a class of IFGT cy cles are shown in figs.1 and 2, respec tively. The ba sic com po nents of this class of cy cles are the com pres sor, high tem per a ture heat exchangers, com bus tion cham ber, and gas tur bine as shown in fig. 1 . The work ing air en ters the com pres sor at state 1 and is non-isentropically com pressed to state 2. Af ter state 2 (ide ally to state 2s), the air leav ing the com pres sor en ters the HTHE and is heated to state 3 by the high temper a ture burnt bio mass gas flow. Then the heated air en ters the gas tur bine and ex pands non-isentropically to state 4 (ide ally to state 4s). Af ter leav ing the gas tur bine, the still hot air enters the com bus tion cham ber and takes part in the com bus tion pro cess with bio mass fuel to the high est tem per a ture point of the cy cle, i. e., state 5. The hot gas ex its the com bus tion cham ber and en ters the HTHE, where it adds heat to the air and cooled to state 6 at con stant pres sure. Finally the cy cle is com pleted by cool ing the gas to the ini tial state. In fig. 2 , the pro cess 1-2s is an isentropic com pres sion and 1-2 takes into ac count the non-isentropic na ture of a real com pressor; the pro cess 3-4s is an isentropic ex pan sion and 3-4 a real non-isentropic ex pan sion in a real tur bine. We con sider the real IFGT cy cle 1-2-3-4-5-6-1.
In or der to in ves ti gate and an a lyze how IFGT cy cle ef fi ciency is af fected by cy cle oper at ing pa ram e ters and com po nents per for mance pa ram e ters, fol low ing as sump tions are made for the one-di men sional ideal gas steady flow and ap pli ca tion of the prin ci ple of en ergy con serva tion to each com po nent: -the working fluids (air and combustion gases) are ideal gases and each possesses constant specific heat; the working fluids flow through the system in a one-dimensional quasistatic-state fashion, -the compression process 1-2 and expansion process (4-5) are adiabatic and irreversible; the deviations from the isentropic processes are accounted for by the isentropic efficiencies; the gas turbine's isentropic efficiency, h t , gives the ratio of the actual expansion process producing power to the isentropic one; the isentropic efficiency of the compressor, h c , is defined as the ratio of the power requirement during the isentropic compression to that of the actual compression; h t and h c have the values between zero and unity:
(1)
-the heat transfer in the real high temperature heat exchanger (HTHE) is described by using the HTHE efficiency h HE ; the h HE is defined as:
which is the ra tio of the ac tual heat trans fer pro cess 2-3 to the max i mum ideal amount of heat trans fer (5-6); the value of h HE var ies from 0 to 1, -the cycle has a pressure ratio, which is the ratio of the maximum pressure of the cycle obtained at the compressor exit (state 2) to the minimum pressure of the cycle at the turbine exit which corresponds to the compressor inlet (state 1), i. e.:
-the pressure drop in the flow piping is reflected by using a total pressure recovery coefficient, that is:
The cy cle power out put P IFGT and ef fi ciency h IFGT are de fined as:
where P t , P c , & Q in are power out put by the gas tur bine, com pres sion power con sumed by the compres sor, and cy cle heat ab sorp tion, re spec tively, and can be writ ten as fol lows:
De fine x as the isentropic tem per a ture ra tio in the com pres sor. Ac cord ing to the knowl edge of ther mo dy nam ics, one can ob tain:
where m = (k -1)/k and k is adi a batic ex po nent (spe cific heat ra tio). Ac cord ing to the def i ni tion of to tal pres sure re cov ery co ef fi cient, one can ob tain the isentropic tem per a ture ra tio in the gas tur bine:
The tem per a ture dif fer ences, DT H and DT L , in HTHE are very im por tant pa ram e ters in the de sign and per for mance op ti mi za tion of the IFGT cy cles [3, 20] . In gen eral, a small tem per ature-dif fer ence im proves the uti li za tion of the heat and the ef fi ciency, but in creases the size of the heat exchanger, the costs and the pres sure drop. As from fig. 1 , DT H and DT L are writ ten as:
De fin ing y is equal to the ra tion of these two tem per a ture dif fer ences:
From eqs. (17) and (13), one can get T 1 and T 4 , re spec tively:
Sub sti tut ing eqs. (18) and (19) into eq. (2) yields:
Comb ing eq. (12) and eq. (18), one can get:
Us ing eqs. (1), (18) , and (21), T 2 is seen to be: 
Re sults and dis cus sions
Equa tion (30) in di cates that the ef fi ciency of IFGT cy cles h IFGT stud ied is a func tion of the isentropic ef fi ciency of the gas tur bine h t , the isentropic ef fi ciency of the com pres sor h c , the HTHE ef fi ciency h HE , the to tal pres sure re cov ery co ef fi cient D, the to tal pres sure ra tio p c (x = = p c m ), the ra tion of low tem per a ture side tem per a ture dif fer ence (DT L ) to high tem per a ture side tem per a ture dif fer ence (DT H ) y, and the ra tio of com pres sor in let tem per a ture to gas tur bine in let tem per a ture a. As well, it is known that the key com po nent in the IFGT con fig u ra tion is the coun ter-flow high tem per a ture heat exchanger (HTHE). Its re gen er a tive ef fi ciency and the temper a ture dif fer ence be tween the hot and cold gas are most im por tant pa ram e ters af fect ing the total cy cle per for mance. At the hot end of the HTHE, where the hot gas en ters and the heated air ex its, the hot-side tem per a ture dif fer ence is de fined by DT H = T 5 -T 3 ( fig. 2) . For a re al is tic hot-side tem per a ture dif fer ence DT H = 70 K, in com bi na tion with de sign data for Turbec T100 (ABB/Volvo) mi cro gas-tur bine whose gas tem per a ture at tur bine in let, gas tem per a ture af ter recuperator, and air tem per a ture at com pres sor out let are 1223, 523, and 487 K, re spec tively [3] , on can com pute the tem per a ture dif fer ence ra tio of the HTHE, i. e., y = 0.80. To see how these dif fer ent pa ram e ters af fect IFGT cy cle per for mance, de tailed nu mer i cal so lu tion of eq. (30) is pro cessed and il lus trated with a pre set of y to be 0.80. For a vary ing to tal com pres sion ra tio of the com pres sor (p c ), IFGT cy cle ef fi ciency h IFGT with h c = 0.8, h t = 0.85, h HE = 0.90, y = 0.80, and D = 0.85 un der sev eral spe cific a val ues are plot ted in fig. 3 . For or di nary IFGT con fig u ra tions, com pres sor in let tem per a ture T 1 is usually equal to en vi ron men tal tem per a ture. Thus a smaller a value means a higher gas tur bine in let tem per a ture T 3 . As sum ing T 1 = 298 K, a of 0.15, 0.20, 0.25, and 0.30 cor re spond to T 3 of 1987, 1490, 1192, and 993 K, re spec tively. As one can see, for a given com pres sion ra tio, IFGT cy cle ef fi ciency h IFGT in creases with the gas tur bine in let tem per a ture. For an en gi neer ing-re al iz able state-of-the-art IFGT, a var ies be tween 0.20 and 0.30. There af ter it can be seen from fig. 3 that ef fi ciency at tains its max i mum value for a com pres sion ra tio of 3.0-6.0, be ing the higher val ues re ferred to con fig u ra tions with the higher gas tur bine in let tem per a ture T 3 .
The in flu ence of the isentropic ef fi ciency of the gas tur bine and of the com pres sor (h t = = h c ) on the IFGT cy cle ef fi ciency h IFGT with re spect to the to tal pres sure ra tio p, un der the con ditions of h HE = 0.90, D = 0.85, y = 0.80, and a = 0.20 is shown in fig. 4 . It il lus trates that the cy cle ef fi ciency h IFGT in creases with the isentropic ef fi ciency of the gas tur bine and of the com pres sor.
Vari a tions of IFGT cy cle ef fi ciency h IFGT with the to tal pres sure re cov ery co ef fi cient D are il lus trated in fig. 5 , with, h c = 0.80, h t = 0.85, h HE = 0.90, y = 0.80, and p c = 5.0 un der differ ent gas tur bine in let tem per a ture T 3 . For a given to tal pres sure re cov ery co ef fi cient D, IFGT cy cle ef fi ciency h IFGT in creases with the gas tur bine in let tem per a ture T 3 . The to tal pres sure recov ery co ef fi cient D af fects h IFGT lin early since the vari able just de scribes pip ing flow losses.
Since the coun ter-flow high tem per a ture heat exchanger (HTHE) is the most im por tant com po nent in the IFGT con fig u ra tion, to il lus trate and an a lyze the ef fect of its per for mance param e ters on IFGT to tal per for mance is al ways con sid ered in the de sign and op er a tion stages .  Fig ure 6 shows the in flu ence of the HTHE ef fi ciency h HE on the IFGT cy cle ef fi ciency h IFGT with re spect to the to tal pres sure ra tio p c un der the con di tions of h c = 0.80, h t = 0.85, D = 0.85, y = 0.80, and a = 0.20. One can see the HTHE ef fi ciency h HE re mark ably af fects the IFGT cy cle ef fi ciency h IFGT . In the ideal con di tion with h HE = 1.0, the IFGT cy cle ef fi ciency h IFGT reaches its max i mum about 50% un der to tal com pres sion ra tio p c = 2.5. In real cir cum stances con sid ering losses, a small value of de crease of h HE from 1.0 to 0.95 causes the max i mum IFGT cy cle effi ciency h IFGT a sharp de crease from about 50% to nearly 30%. 
